The effect of alcohols on cell membrane proteins has originally been assumed to be mediated by their primary action on membrane lipid matrix. Many studies carried out later on both animal and yeast cells have revealed that ethanol and other alcohols inhibit the functions of various membrane channels, receptors and solute transport proteins, and a direct interaction of alcohols with these membrane proteins has been proposed. Using our fluorescence diS-C 3 (3) diagnostic assay for multidrug-resistance pump inhibitors in a set of isogenic yeast Pdr5p and Snq2p mutants, we found that n-alcohols (from ethanol to hexanol) variously affect the activity of both pumps. Beginning with propanol, these alcohols have an inhibitory effect that increases with increasing length of the alcohol acyl chain. While ethanol does not exert any inhibitory effect at any of the concentration used (up to 3%), hexanol exerts a strong inhibition at 0.1%. The alcohol-induced inhibition of MDR pumps was detected even in cells whose membrane functional and structural integrity were not compromised. This supports a notion that the inhibitory action does not necessarily involve only changes in the lipid matrix of the membrane but may entail a direct interaction of the alcohols with the pump proteins.
Introduction
Alcohols, especially ethanol, have long been known to affect living cells and organisms (Korpi et al., 1998; Moykkynen & Korpi, 2012) . This effect was often attributed to the interaction of alcohols with membrane lipids (Seeman, 1972; Franks & Lieb, 1978; Goldstein, 1984) , but several studies have supported the idea that there exists possibly also a direct interaction of alcohols with certain membrane proteins (Peoples et al., 1996) . The lipid theory (Seeman, 1972; Franks & Lieb, 1978; Goldstein, 1984) postulates that alcohols affect primarily membrane fluidity and thereby modify the function of membrane ion channels, receptors, and other proteins. This hypothesis was challenged by the observation that firefly luciferase (a nonmembrane water soluble enzyme) is inhibited by anesthetics, including a homologous series of alcohols (Adey et al., 1975; Franks & Lieb, 1984 , 1985 . These experiments indicated that alcohols may influence the activity of luciferase through a direct alcohol-protein interaction without the interference of lipids. Furthermore, several studies concerning ligandor voltage-gated ion channels in neurons (Li et al., 1994 (Li et al., , 1998 Lovinger, 1997; Godden et al., 2001; Horishita & Harris, 2008) and ion channels in nonexcitable cells (Chanson et al., 1989; Hamada et al., 2005) have provided evidence that these membrane proteins are also the primary sites of alcohol action.
Both the above-mentioned ability to cause anesthesia and potency to inhibit protein activity are directly correlated with the hydrophobicity of alcohols and anesthetics, usually quantified by their solubility in lipids (Pringle et al., 1981; Lovinger, 1997; Alkire & Gorski, 2004) . However, such a correlation exists only up to a certain 'cutoff' limit; in a homologous series of various drugs their potencies increase progressively with the size of the drug but then rather abruptly disappear, for example, above a certain carbon chain length of aliphatic alcohols (Pringle et al., 1981; Franks & Lieb, 1985) . To explain the drug-size-related cutoff effect, it was proposed that amphiphilic receptor proteins contain a hydrophobic pocket of circumscribed dimensions where the alcohols and other drug molecules bind and exert their effects on the receptor (Franks & Lieb, 1985; Li et al., 1994; Korpi et al., 1998) . In particular, when the alcohol chain length is increased above the cutoff point, the alcohol molecule is sterically hindered to bind in the pocket and as a result fails to modulate the receptor function.
Taken together, although the primary sites of action in the two theories differ, both theories attribute the ultimate effects of alcohols to alterations in protein function. It is not possible to exclude that both action sites, that is, lipids and proteins, may be involved simultaneously in producing the final effect and that depending on the concentration of alcohols, protein function can be modulated in a different way. At very low concentration, drugs (alcohols) can regulate protein function by a specific interaction with the hydrophobic pocket. At higher concentrations that alter the physical properties of the lipid bilayer, a related nonspecific alcohol effect may considerably modulate the specific effect of drug binding to proteins and thus the observed changes in protein function (Lundbaek, 2008) .
In the yeast Saccharomyces cerevisiae, it was found that ethanol and other alcohols inhibit activities of permeases for sugars (Leao & van Uden, 1982) , ammonium (Leao & van Uden, 1983) , amino acids (GAP; Leao & van Uden, 1984a) , and organic acids such as acetic acid (Casal et al., 1998) in a noncompetitive way, and the degree of inhibition increases with the lipid solubility of the alcohols. It is important to note that, with the exception of glucose which is transported by facilitated diffusion, all of these solutes are transported by solute-proton symport and therefore require a proton-motive force (Serrano, 1977; Borst-Pauwels, 1981) . Therefore, the inhibitory effects induced by alcohols can be caused not only by altering the conformation of permeases and/or their lipid environment (lipid vs. protein theories), but also by dissipation of electrochemical gradient of protons across the plasma membrane (Cartwright et al., 1986; Casal et al., 1998) , as alcohols increase the proton permeability of the yeast plasma membrane, that is, they act as uncouplers (Leao & van Uden, 1984b; Petrov & Okorokov, 1990) .
Among the variety of membrane transporters in S. cerevisiae, whose activity could be affected by alcohols, serious attention is being paid to membrane proteins belonging to the group of multidrug-resistance (MDR) transporters, (Balzi & Goffeau, 1994; Decottignies & Goffeau, 1997; Ernst et al., 2005) , which are responsible for the resistance of the cells against a broad spectrum of structurally different xenobiotics (Kolaczkowski et al., 1996 (Kolaczkowski et al., , 1998 . The major multidrug exporters of S. cerevisiae are the ABC transporters Pdr5p, Snq2p, and Yor1p, which show different, but overlapping, substrate specificities (Rogers et al., 2001) . It is well established that the PDR1-3 mutation at the yeast PDR1 transcription regulator locus is responsible for overexpression of the three ABC transporter genes PDR5, SNQ2, and YOR1 (Carvajal et al., 1997; Kolaczkowska & Goffeau, 1999; Nawrocki et al., 2001) .
In this study, we examined the inhibitory effect of alcohols (ranging from ethanol to hexanol) on Pdr5p and Snq2p using the diS-C 3 (3) diagnostic assay (Hendrych et al., 2009) . As shown previously, the fluorescent probe diS-C 3 (3) is a substrate of these two pumps, but not of Yor1p and other MDR pumps deleted in AD1-8, that is, Pdr10p, Pdr11p, Pdr15p, and Ycf1p (Gaskova et al., 2002; Cadek et al., 2004) . The assay is based on measuring the accumulation of diS-C 3 (3) in Pdr5p-or Snq2p-overexpressing cells (strains AD12 and AD13, respectively) in the absence of an inhibitory drug and after its addition (Hendrych et al., 2009 ). This accumulation was compared with probe accumulation in Pdr5p-and Snq2p-deficient cells of strain AD1-3, which was used as a negative control showing a negligible effect of other MDR pumps on diS-C 3 (3) transport. This assay permits not only the detection of pump inhibition by a drug, but also reveals the effect of the drug on plasma membrane potential as a marker of the membrane function and integrity. In this context, it should be noted that unlike the aforementioned transport systems, the activity of these MDR pumps is independent of the membrane potential (Gaskova et al., 2002) .
Materials and methods

Yeast strains
The S. cerevisiae strains ura3, his1, yor1D::hisG, snq2D::hisG, pdr5D::hisG) , AD12 (MATa, ura3, his1, yor1D::hisG, snq2D::hisG) and AD13 (MATa, ura3, his1, yor1D::hisG, pdr5D:: hisG) are derived from the parent strain US 50-18C (MATa, PDR1-3, ura3, his1; Decottignies et al., 1998) .
Media and cell growth conditions
Yeast was precultured in YPD medium (1% yeast extract, 1% bactopeptone, 2% glucose) at 30°C for 24 h. A small volume (1-10 µL) of inoculum was added to 10 mL fresh YPD medium, and the main culture was grown until it had reached the early exponential phase.
Spectrofluorometric monitoring of diS-C 3 (3) accumulation in cells
Yeast cells from the early exponential growth phase were harvested, washed twice with double-distilled water, and resuspended in citrate-phosphate (CP) buffer of pH 6.0 to OD 578 (nm) = 0.1. The potentiometric fluorescent probe 3,3′-dipropylthiacarbocyanine iodide, diS-C 3 (3), was added to 3 mL of yeast cell suspension in 1 9 1 cm cuvette as 10 À5 M stock solution in ethanol to a final concentration of 2 9 10 À8 M. Fluorescence emission spectra of the diS-C 3 (3) stained cell suspensions were measured using a FluoroMax-4 spectrofluorometer (Horiba JobinYvon) in intervals of 2-5 min (full emission scan duration 20 s). Excitation wavelength was 531 nm, fluorescence emission range 560-590 nm, and scattered light was eliminated by orange glass filter with a cutoff wavelength of 540 nm. A membrane potential driven redistribution of diS-C 3 (3) from the medium to the cell cytosol is revealed by a so-called staining curve (Denksteinova et al., 1997; Gaskova et al., 1998) , that is, the time course of a change in the wavelength of fluorescence emission maximum, k max , observed during the time elapsed after adding diS-C 3 (3) to the cell suspension (k max shifts from 568 nm observed in pure aqueous solutions to about 581 nm upon diS-C 3 (3) binding to cytosolic proteins).
Test alcohols were usually added to the cells suspensions after 10 min of staining with diS-C 3 (3), to a desired concentration. When appropriate, another stressor (inhibitor or substrate) was also added to the cell suspension, usually after 30-min exposure to the alcohol. The samples were kept at room temperature and occasionally gently stirred.
Drug susceptibility assay
To find out whether the alcohols under study are substrates of Pdr5p and Snq2p pumps, two types of diskdiffusion test were performed: a standard test (Kolaczkowski et al., 1998) , and its simplified version designed to detect Pdr5p substrates only. To perform the standard test, yeast cells (AD1-3, AD12 and AD13) grown to the exponential phase in liquid YPD medium were washed twice with double-distilled water and resuspended in CP buffer (pH 6.0). Then, they were diluted into top agar (seeded with 2.5 9 10 6 cells per mL) and poured onto YPG plates (2% agar, 1% yeast extract, 1% peptone, 2% glycerol); 1% YPGE top agar (1% agar, 1% yeast extract, 1% peptone, 2% glycerol, 2% ethanol) was used in this study. Alcohols (2 µL) were spotted onto Whatman paper disks lying on the top of the agar.
AD12 cells only were used in the simplified test. Moreover, each of the test alcohols was spotted on two different Whatman disks in this case. Before spotting the test alcohol, FK506 was dropped onto one of these disks (2 lL of 50 mM solution in ethanol) 15 min before the test alcohol. FK506 inhibits Pdr5p and thus simulates the behavior of the pump-deficient strain AD1-3. Known Pdr5p substrates, BAC and fluconazole, were used as positive controls. After 2 days at 30°C, the plates were photographed and the size of the growth inhibition zones was measured.
To determine whether a particular alcohol is able to inhibit the extrusion of a known substrate (BAC, ketoconazole or nigericin for Pdr5p, 4-NQO for Snq2p) by the pumps, we used a 'double addition' mode of the standard disk-diffusion test (Hendrych et al., 2009) . The tested alcohols were added 15 min before the known substrate.
Plating tests
To determine cell viability, washed exponential cells were incubated with alcohol, BAC, and their combination at room temperature with occasional gentle stirring. After 30 min, 10 lL cells were diluted 1000-fold to stop the action of the compound(s) under study, and 3-5 replicate aliquots were plated on 1% YPD agar (1% agar, 1% yeast extract, 1% peptone, 2% glucose) and incubated for 2 days at 30°C. For control samples, the number of colonies per plate was about 200.
Measurement of extracellular pH
Exponential cells were harvested, washed three times, and resuspended in double-distilled water to an OD 578 (nm) of 2.0. Extracellular pH was recorded every minute with an Inolab 7310 pH meter using a Sentix 81 pH electrode. Cell suspensions were stirred during the pH measurements. Glucose and alcohols were manually injected to final concentrations specified in the figure legends.
Measurement of release of cellular material
The release of cellular material from cells treated with alcohols (which absorbs light at 260 nm) was performed as follows. Exponential cells were harvested, washed twice, and resuspended in double-distilled water to OD 578 (nm) of 0.1. The cell suspension was divided into several equal parts. One was an alcohol-free control, which underwent the same procedure as cells exposed to alcohols. Cells were treated with various concentrations of alcohols (ranging from 0.1% to 3%) for different periods of time: 10, 30, and 60 min. After this treatment, aliquots (3 mL) were centrifuged, and absorption spectra of supernatants (2 mL) were measured using Varian Cary 50 UV spectrophotometer in the range of 190-400 nm. The absorbance at 260 nm was determined and compared with an alcohol-free control.
Preparation of permeabilized cells
Two methods of preparation of permeabilized cells were used: (1) Permeabilization by heat shock. Twice-washed exponential cells were resuspended in CP buffer (pH 6.0) to OD 582 (nm) of 0.1. The heat shock was carried out by immersing the cell suspension in a water bath at 60°C for 10 min (Gaskova et al., 1999) . After the heat-shock treatment, the cells were kept on ice for 5 min. (2) Permeabilization by an antimicrobial agent ODDC that binds to negatively charged microbial surfaces (H€ ubner et al., 2010) . Twice-washed exponential cells were resuspended in CP buffer (pH 6.0) to OD 582 (nm) of 0.1 and ODDC was added to a final 3 µM concentration. After 15-min exposure to ODDC [this exposure time and ODDC concentration are sufficient to achieve full permeabilization (Kodedova et al., 2011) ], the cells were washed twice in double-distilled water to remove the drug and resuspended in CP buffer to an OD 582 (nm) of 0.1.
Chemicals
The following materials were purchased: diS-C 3 (3) (3,3′-dipropylthiacarboxycyanine), DMSO, and dimethyl formamide (DMF; Fluka, Prague, Czech Republic), yeast extract (Serva, Heidelberg, Germany), bactopeptone (Oxoid, Brno, Czech Republic), glucose (Penta, Prague, Czech Republic), ethanol for UV spectroscopy, glycerol, citric acid, and Na 2 HPO 4 .12H 2 O (reagent grade; LachNer, Neratovice, Czech Republic), agar (Dr. Kulich, Pharma, Hradec Kralove, Czech Republic), and octenidine dihydrochloride (ODDC; Sch€ ulke & Mayr GmbH, Norderstedt, Germany). MDR pump substrates or inhibitors, alcohols, lysosomotropic compound, and protonophore used in this study were obtained from the following sources: benzalkonium chloride (BAC; Fluka), FK506, fluconazole, ketoconazole, nigericin from Streptomyces hygroscopicus, 1-propanol, 1-butanol, 1-pentanol, 1-hexanol and CCCP (carbonyl cyanide 3-chlorophenylhydrazone; Sigma, Prague, Czech Republic), 4-NQO (4-nitroquinoline 1-oxide; Supelco). The lysosomotropic compound DM-11 (2-dodecanoyloxyethyldimethylammonium chloride) was synthesized in the laboratory of Prof. S. Witek (Univ. Wroclaw; Witek et al., 1997) and kindly provided by Dr. A. Krasowska.
Results and discussion
Fluorescence calibration of the fraction of permeabilized cells in suspension by a diagnostic CD cocktail Recently, we have shown that the diS-C 3 (3) diagnostic assay is suitable for identifying inhibitors of Pdr5 and Snq2 pumps. This method is based on comparing the accumulation of the benchmark pump substrate diS-C 3 (3) in Pdr5p-and/or Snq2p-expressing cells (strains AD12, AD13, and US50-18C) vs. a negative control represented by Pdr5p-and Snq2p-deficient cells (strains AD1-3 and AD23) in the absence of an inhibitor and after its addition (Hendrych et al., 2009) . Blocking the active probe efflux from cells by adding pump(s) inhibitor leads to increased intracellular probe concentration, which is followed by a shift of k max toward longer wavelengths (hereafter called 'red shift'). In other words, when the pump(s) are inhibited, the difference in diS-C 3 (3) staining level of pump(s)-deficient and pump(s)-expressing cells disappears, because then the staining levels are given mainly by actual membrane potentials (DΨ).
However, one should be aware that a considerable red shift can also occur due to permeabilization of the cells (Gaskova et al., 2001; Kodedova et al., 2011) . It should be therefore verified first that substances tested for their potency to inhibit MDR pumps do not affect cell membrane integrity. As shown previously, the best indicator of membrane permeation is the use of diagnostic CD cocktail (Hendrych et al., 2009; Kodedova et al., 2011) . This cocktail is composed of CCCP as protonophore plus the lysosomotropic compound DM-11 acting as an H + -ATPase inhibitor (Witek et al., 1997) . Its addition to stained intact cells leads to the drop of k max to a level close to the fluorescence of free dye in aqueous medium, thus indicating a marked membrane depolarization. In contrast to intact cells, there is no response of probe fluorescence if the CD cocktail is added to the suspension of permeabilized cells stained with diS-C 3 (3) (Hendrych et al., 2009; Kodedova et al., 2011) .
To correlate spectral shifts observed after application of CD cocktail with the percent fraction of permeabilized cells, a calibration experiment must be done. We performed this calibration by mixing intact and permeabilized cells of both pump-deficient AD1-3 and pump-expressing AD12 strains in different proportions and measuring k max/ CD after CD cocktail addition, Fig. 1a and b. The quality of cell permeabilization, which is crucial for reliable calibration protocol, was checked by measuring the dependence of cell survival on the fraction of permeabilized cells in the suspension, Fig. 1c . We did not observe any significant difference between the results obtained with cells permeabilized by two different methods described in Section 'Chemicals'. Therefore, we present below only data measured with heat-permeabilized cells.
Staining curves of both strains depend significantly on the percentage of permeabilized cells in the sample. The staining curves of intact AD1-3 cells (0% permeabilized cells) lacking the major MDR pumps Pdr5p and Snq2p reflect the probe accumulation in cells that is controlled solely by membrane potential, Fig. 1a . For these curves, a gradual increase in k max is characteristic; it takes c. 30 min to reach equilibrium level of probe accumulation in cells (Gaskova et al., 1998) . Increasing amounts of permeabilized cells markedly affects cell staining. The corresponding staining curves reveal clearly higher initial rates of staining compared to the untreated cells, which is caused by the increasing fraction of fast and highly stained permeabilized cells in cell suspensions (compare k max values measured at time zero). The addition of CD cocktail to intact cells leads to the drop of k max to a level near that of free dye in aqueous medium. An increase in the fraction of permeabilized cells leads to a smaller drop in k max because the permeabilized cells do not respond to CD cocktail.
Contribution of permeabilized cells to an apparent k max value is much more striking in AD12 cells that stain much less than AD1-3 cells due to active efflux of diS-C 3 (3) by the pumps, Fig. 1b . Horizontal dotted lines connecting the final k max/CD values in Fig. 1a and b clearly show that these values are not dependent on the strain; they are determined only by the fraction of permeabilized cells in the sample. This was confirmed also with AD13 cells having only Snq2p (data not shown). The variations in k max/CD values were used in the following experiments as the measure of cell permeabilization caused by alcohols. However, it is fair to note that the determination of the fraction of permeabilized cells higher than 40% is inaccurate. For this reason, the staining curves in Fig. 1a and b are shown in light colours.
The effect of alcohols on activity of Pdr5p and Snq2p
Staining curves revealing the time course of diS-C 3 (3) accumulation in exponentially growing cells were measured with both pump-expressing strains (AD12 or AD13) and pump-deficient mutants (AD1-3). Various alcohols (from ethanol to hexanol) were added to the suspensions of these cells at about 10 min of staining, Fig. 2 . Relatively low alcohol concentrations (up to 3%) were used. Rather than finding an optimum inhibitory concentration of each alcohol (Leao & van Uden, 1982 , 1983 , 1984a Casal et al., 1998) , we aimed at comparing their effects at low concentrations, with ethanol serving as a reference compound. As assumed, ethanol exerts a negligible effect on the staining curves in any type of cells at any of the concentrations used (from 1% to 3%), Fig. 2a and b , but the addition of other alcohols beginning with propanol to AD12 and AD13 cells caused an increase in k max toward the values found with the cells of negative control (AD1-3), Fig. 2c-j . This indicates that the latter alcohols affect seriously both Pdr5p and Snq2p, causing an inhibitory effect.
It can be concluded from the first chapter of 'Results and discussion' that an alcohol-induced cell permeabilization may also contribute to an apparent red shift of k max . To exclude the possibility that the observed effect of alcohols is merely due to such permeabilization, the actual degree of cell permeabilization was assessed using CD cocktail and measuring the ratio of respective k max/CD values in cells without and with alcohol. As shown in Fig. 2 , for each alcohol, the fraction of permeabilized cells is practically negligible for a certain range of low concentrations, while the pump inhibition is still considerable. However, the CD cocktail test revealed that with increasing alcohol concentration, the number of permeabilized cells is no longer negligible. This means that at high concentrations, harmful effects of alcohol on yeast cells can combine MDR pump inhibition with cell permeabilization. It is also clear from Fig. 2 that the pump inhibition is markedly concentration-and alcohol-dependent. In particular, the concentration of alcohol that is sufficient to cause a significant red shift of k max decreases with increasing acyl chain length, from about 1% for propanol to 0.07% for hexanol. This implies that the potency of various alcohols to reduce the performance of Pdr5p and Snq2p pumps is directly correlated with the chain length.
However, this effect can in general have multiple causes that need to be critically assessed in order to draw conclusions on the mechanism by which alcohol affects the operation of these MDR pumps. Possible causes are the following: (1) depletion of ATP for active probe export from the cells by Pdr5p and Snq2p, (2) alcohols can be pump substrates efficiently competing with the probe for transport, (3) alcohol acts on membrane lipids, resulting in modulation of MDR pump activity ('lipid theory'), and (4) alcohol directly interacts with pump proteins, leading to inhibition of their function ('protein theory'). Very likely, under certain circumstances, several factors can be simultaneously involved in the inhibitory effect of alcohols.
It should be noted that, in contrast to, for example, the Pdr5p inhibitor FK506, the subsequent removal of the alcohols by washing (Kodedova et al., 2011) after the 30-min exposure used in our experiments results in a decrease in the inhibitory action of the alcohols depending on the number of the washing-out steps (data not shown). This means that the observed inhibition of diS-C 3 (3) transport is reversible, that is, it decreases after removal of the inhibitory agent. This drop in inhibition can in this case be due to the removal of an alcohol (1) as a pump substrate from the surrounding medium, or (2) from the membrane (both lipid matrix and proteins) as determined by its partition coefficient.
The effect of alcohols on the permeability of S. cerevisiae membranes for ions and small metabolites To evaluate how much alcohols influence the permeability of S. cerevisiae membranes for ions and small metabolites, we assessed the concentration-dependent effect of the alcohols on glucose-induced medium acidification (which should be partially reduced by passive transmembrane proton fluxes due the alcohol-induced cell permeability), Fig. 3a , and on release of metabolites absorbing at 260 nm (indicator of membrane integrity), Fig. 3b . Both methods are commonly used to assess the lethal effect of chemical stressors on cell membranes, see for example (Bennis et al., 2004; Maresova et al., 2009) .
As shown in Fig. 3a , the addition of alcohols to exponential AD1-3 cells with glucose-activated H + -ATPase, that is, under conditions of a maximum attainable pH gradient, leads to a concentration-dependent alkalinization of pH out , as a consequence of increased proton permeability of the plasma membrane [a generally accepted fact (Leao & van Uden, 1984b) ]. With increasing acyl chain length, the extent of medium alkalinization increases. The increase in alkalinization after addition of alcohols is in a very good correlation with the fluorescence determination of the percentage of permeabilized cells. In particular, the same value of k max/CD of various alcohols coincides with the same extent of alkalinization, compare Figs 2 and 3. A comparison of Figs 2 and 3 also shows an extremely important fact: ethanol causes neither medium alkalinization nor a decrease in pump activity. On the other hand, for alcohols beginning with propanol, a concentration can be found which does not lead to alkalinization, but which still exhibits an inhibitory effect on both pumps.
As demonstrated in Fig. 3b , alcohols at the concentrations used (except 0.5% and 1% hexanol) do not cause any extensive damage to plasma membrane even after 60 min of action (no change in the value of Abs (260 nm) ).
Inhibitory effect of alcohols is not caused by depletion of ATP
Acidification of the cytosol results in an activation of the H + -ATPase (dos Passos et al., 1992; Hendrych et al., 2009 ). We must therefore take into account the possibility that an alcohol-induced influx of protons into the cells may also activate the H + -ATPase. Then, the increased consumption of ATP by the enzyme can possibly cause a depletion or at least reduction of ATP concentration needed for active probe export from the cells by the pumps Pdr5p and Snq2p. Lack of energy for the probe export would result in increased cell staining after addition of alcohols relative to the control. To confirm or rule out this type of pump inhibition, we compared the fluorescence response of AD12 and AD13 cells to the addition of alcohols in the presence and absence of 10 mM glucose added 5 min before the probe. We show here the data for hexanol only, because this alcohol exhibits the highest pump inhibition effect, cf. Fig. 2 . AD1-3 cells were again used as a negative control. Figure 4 shows the effect of 0.07% hexanol, which illustrates the typical response to all tested alcohols, that is, the red shift of k max due to the pump inhibition. The presence of glucose in AD1-3 cell suspension causes a fast H + -ATPase activation, followed by the hyperpolarization of the cells, which is accompanied by a faster and higher cell staining relative to glucose-free control, while the addition of alcohol had a negligible effect. The hyperpolarization of AD12 and AD13 cells by glucose leads to a small increase in staining as a result of the changed equilibrium between passive probe uptake according to DΨ and the active probe efflux by the pumps. However, the response to hexanol has the same character both in the absence and presence of glucose. We can therefore rule out the possibility of ATP depletion as a reason of the observed inhibitory effects of alcohols. This conclusion is also supported by the recovery of the pump activity after alcohol removal.
The results of CD cocktail test proved that the degree of cell permeabilization was negligible in this set of experiments. Inhibitory effect of alcohols is not caused by their competition with the probe for transport (i.e. alcohols are not substrates of Pdr5p and Snq2p)
To determine whether alcohols are substrates of Pdr5p and Snq2p, we performed two tests: (1) drug susceptibility assay in both the classical and our simplified version (see Materials and methods) and (2) plating test. As is evident from Fig. 5a (classical disk-diffusion test using a set of mutants isogenic to AD1-3, but deleted in only one MDR pump, i.e. AD12 and AD13) and Fig. 5b (simplified version using only AD12; pump-deficient strain is simulated by the action of FK506 on AD12 cells), alcohols do not form any inhibition zones (except for very small zones in the case of hexanol that are identical for all strains). This finding is surprising because it is known that alcohols inhibit cell growth (Ingram & Buttke, 1984) . The most logical explanation seems to be that the alcohols (with the exception of hexanol) diffuse too quickly through the agar and their concentration near the disks is therefore insufficient for growth inhibition.
All the strains showed comparable survival after 30 min exposure to alcohols, Fig. 5c , indicating that the activity of pumps is not involved in the effects of alcohols on the cells. In other words, the alcohols are not substrates of the pumps.
Alcohols act as true inhibitors of Pdr5p and Snq2p
To prove that alcohols act as true inhibitors of both pumps (i.e. their effect on cell membrane results in modulation of pump activity), we used a 'double addition' mode of the classical disk-diffusion test (see Plating tests). BAC (Fig. 6a) , nigericin (Fig. 6c) , and ketoconazole (Fig. 6d) were used as known substrates for Pdr5p, 4-NQO (Fig. 6b) as a substrate for Snq2p. As evident from the disk-diffusion tests on Pdr5p-or Snq2p-expressing strains, AD12 or AD13, the zones of inhibition formed in the presence of substrates plus pentanol or hexanol reach up to the size that is observed in the Pdr5p-and Snq2p-deficient strain AD1-3. The absence of enlargement of the zones with propanol and butanol plus substrates is most likely due to an insufficient alcohol concentration near the disks for inhibition (given by their too fast diffusion through the agar; compare sufficient concentrations of each alcohol to inhibit the probe efflux by the pumps, see Fig. 2 ). To confirm this, we performed an analogous assay based on the survival of AD12 and AD1-3 cells exposed to 1.5 lM BAC and alcohols at a suitable inhibitory concentration, and their combinations with BAC for 30 min. AD12 strain shows higher survival when exposed to BAC compared to Pdr5p-deficient AD1-3 strain (Kodedova et al., 2011) . This difference (1) disappears after the simultaneous action of BAC and alcohols beginning with butanol (2) is partially reduced with 3% propanol and (3) remains with ethanol which does not inhibit Pdr5p (see Fig. 2 ; data not shown).
Reduced ability of cells to survive the effect of substrates in the presence of alcohols is not the result of cell permeabilization caused by a combined alcohol-substrate effect Although it may seem that the role of alcohols as pump inhibitors was clearly proved by preceding experiments, there is still the possibility that their effects in combination with other 'stressors-substrates' can lead to significant damage to the cell membrane and its permeabilization. (a) Growth inhibition zones measured in a classical disk-diffusion test using YPGE top agar in variously pump-expressing strains (AD12, AD13) and the negative control AD1-3 exposed to alcohols (2 lL of alcohols were spotted onto Whatman paper disks). (b) Growth inhibition zones measured in a simplified disk-diffusion test using YPGE top agar in Pdr5p-expressing strain AD12 exposed to Pdr5p substrates BAC (15 mM) and fluconazole (FLU, 15 mM), alcohols, and combinations of all tested compounds with FK506 (50 mM; an inhibitor of Pdr5p) as described in Section 'Materials and methods/Plating tests'. The data in panels a and b are representative of three independent experiments. (c) Cell viability after a 30-min exposure to alcohols (AD1-3, blue bars; Pdr5p-containing AD12, green bars; Snq2p-containing AD13, orange bars). Error bars indicate SDs derived from three independent experiments consisting of three replicas each.
Indeed, the toxic effect of many pump substrates on the cell has a multitarget character including disturbance of the cell membrane, as is the case of BAC (Kodedova et al., 2011) .
To prove that the observed pump inhibition by alcohols is not the result of such action, we tested the combined effect of Pdr5p substrates, BAC or ketoconazole, with Note that in all cases, addition of an agent that is not a substrate of the given pump, along with alcohol, gives an inhibition zone that is equal to the zone found in the pump-deficient strain AD1-3 (data not shown).
hexanol using a diS-C 3 (3) diagnostic assay that is very suitable for the determination of the percentage of permeabilized cells in a suspension, Fig. 7 . As shown in Fig. 7a , there is no increase in the fraction of permeabilized cells in the suspension during the action of BAC or ketoconazole. BAC only weakly depolarizes the membrane, whereas ketoconazole has no effect on DΨ (compare the difference in staining of AD1-3 cells pretreated with a substrate). The addition of these substrates to hexanol-treated cells also does not lead to their increased permeabilization, Fig. 7b . We can therefore conclude that alcohols indeed inhibit the ability of Pdr5p and Snq2p to transport the substrate by affecting the pump protein and/or its lipid environment. Moreover, the observed inhibition is reversible, decreasing after removal of the inhibitory agent from the membrane (both lipid matrix and proteins).
Conclusions
In this paper, we present alcohols, especially pentanol and hexanol, as effective inhibitors of two major S. cerevisiae MDR pumps -Pdr5p and Snq2p. It seems astonishing that very low concentrations of these relatively simple molecules can be such powerful tools in the fight against MDR resistance. Furthermore, alcohols target, in part, the plasma membrane (it does not matter whether lipid matrix or protein pocket), that is, they do not need to enter the cells to achieve the inhibitory effect and thus avoid the resistance mechanism presented by the pump. They could be useful therapeutically in conjunction with current antifungals -Pdr5p and/or Snq2p substrates -to combat yeast infections. 
